During cellular invasion, human papillomavirus type 16 (HPV16) must transfer its viral genome (vDNA) across the endosomal membrane prior to its accumulation at nuclear PML bodies for the establishment of infection. After cellular uptake, the capsid likely undergoes pH-dependent disassembly within the endo-/lysosomal compartment, thereby exposing hidden domains in L2 that facilitate membrane penetration of L2/vDNA complexes. In an effort to identify regions of L2 that might physically interact with membranes, we have subjected the L2 sequence to multiple transmembrane (TM) domain prediction algorithms. Here, we describe a conserved TM domain within L2 (residues 45 to 67) and investigate its role in HPV16 infection. In vitro, the predicted TM domain adopts an alpha-helical structure in lipid environments and can function as a real TM domain, although not as efficiently as the bona fide TM domain of PDGFR. An L2 double point mutant renders the TM domain nonfunctional and blocks HPV16 infection by preventing endosomal translocation of vDNA. The TM domain contains three highly conserved GxxxG motifs. These motifs can facilitate homotypic and heterotypic interactions between TM helices, activities that may be important for vDNA translocation. Disruption of some of these GxxxG motifs resulted in noninfectious viruses, indicating a critical role in infection. Using a ToxR-based homo-oligomerization assay, we show a propensity for this TM domain to self-associate in a GxxxG-dependent manner. These data suggest an important role for the self-associating L2 TM domain and the conserved GxxxG motifs in the transfer of vDNA across the endo-/lysosomal membrane.
A ll nonenveloped viruses are faced with a cellular membrane barrier through which they must transfer their genetic material to establish a successful infection. These viruses behave as metastable particles, rigid enough to survive transmission through the extracellular milieu but structurally poised to undergo conformational rearrangements or partial disassembly upon encountering specific factors during cellular entry, including the engagement of host cell receptors, proteolytic and chaperone activity, and low pH of the intracellular endosomal compartment. In response to these factors, capsids rearrange to expose hidden and often hydrophobic membrane translocation domains (MTDs), thereby ensuring that the coordinated process of membrane penetration occurs only when the viral capsid has reached the appropriate intracellular locale. Through convergent evolution, viruses have become equipped with a variety of different MTDs, designed to accomplish the feat of membrane penetration in several ways (recently reviewed in reference 1). Amphipathic helices, myristoylated and/or hydrophobic peptides, and phospholipase activity have all been documented to facilitate membrane penetration through pore formation, local membrane disruption, or gross fragmentation of membranes although many molecular details of these MTD-driven activities remain obscure and are ongoing subjects of investigation.
Human papillomaviruses (HPVs) infect basal keratinocytes and replicate in differentiating cutaneous and mucosal epithelium. Persistent infections by certain high-risk types within the genus Alphapapillomavirus are associated with cervical, anogenital, and oropharyngeal cancers. Of the high-risk types, HPV type 16 (HPV16) is alone responsible for over half of the cases of cervical cancer worldwide (2, 3) . Despite the long-established association between high-risk HPV infection and cancer, only now are the molecular mechanisms of cellular infection becoming well characterized.
Structurally, HPVs are relatively simple: 72 pentamers of the major coat protein L1 spontaneously assemble into a 55-nm-diameter, Tϭ7d icosahedral lattice (4) . Packaged within the L1 capsid is one copy of the 8-kb circular double-stranded (dsDNA) genome (viral DNA [vDNA] ), chromatinized with cellular histones and associated with the minor capsid protein L2, although the nature of this vDNA/L2 complex remains obscure. The L2 protein can be present at variable copy numbers, with a maximum stoichiometry of 72 molecules per virion (5) . Typical laboratorygenerated preparations contain about one-third to one-half occupancy, or ϳ24 to 36 molecules/virion (5, 6) . L2 is a multifunctional protein, with auxiliary roles in virion assembly, stability, and vDNA encapsidation and an essential role in the endosomal translocation of vDNA during cellular invasion (7) (8) (9) (10) . Despite its simple structure, HPV16 has a remarkably complex and protracted binding and entry pathway involving interactions with multiple cell surface and extracellular matrix (ECM) receptors, likely entailing conformational changes in virion structure. A thorough understanding of HPV16 receptor binding has been complicated by observed differences between in vitro cell culture systems and in vivo studies in the murine genital tract (11) . Primary attachment of HPV16 occurs via heparin sulfate proteoglycans (HSPGs) present on the keratinocyte surface (in vitro) or basement membrane (in vivo). HSPG binding is believed to trigger a conformational change resulting in surface exposure of the Nterminal 9 
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12 furin cleavage site in L2 and subsequent transfer of the capsid to an as of yet unidentified entry receptor (11, 12) .
Processing of L2 by cell surface furin is believed to trigger exposure of a neutralizing B-cell epitope, the RG-1 epitope, consisting of residues 17 to 36 of L2 (13, 14) . There is also evidence that cell surface cyclophilin B may augment RG-1 epitope exposure through isomerization of a specific proline residue in L2 (15) . Inhibition of furin cleavage of L2 and the subsequent exposure of the RG-1 epitope does not prevent viral entry into endosomal pathways but does inhibit the endosomal translocation of the vDNA/L2 complex further down the pathway of cell invasion (16) .
Definitive characterization of the HPV16 entry mechanism has been elusive and remains a provocative topic of debate. A recent detailed analysis of HPV16 entry suggests that virions are taken up through a novel clathrin-, caveolin-, lipid raft-, and dynamin-2-independent endocytic pathway with some similarities to macropinocytosis (17) . This entry pathway was dependent on actin dynamics, the Na ϩ /H ϩ exchanger, and signaling through a variety of kinase pathways, including receptor tyrosine kinases (RTKs), phosphatidylinositol-3 kinase, protein kinase C, and p21-activated kinases. Another recent study suggests that HPV16 can enter basal keratinocytes through an HSPG-dependent "Trojan horse" mechanism. HSPG-bound HPV16 can be released from the cell surface by matrix metalloproteases, heparinases, and other sheddase activities, liberating soluble HPV16-HSPG-growth factor (GF) complexes that can likely enter cells through cognate GF receptor-dependent endocytic mechanisms involving RTK and mitogen-activated protein (MAP) kinase signaling pathways (18) . Regardless of the mode of entry, HPV16 appears to be sorted into an endosomal compartment whereby acidification facilitates capsid uncoating (19, 20) , and the virus encounters the necessary signals that trigger endosomal translocation of the vDNA/L2 complex.
It is well recognized that L2 facilitates the endosomal translocation of vDNA. Previous efforts focused on L2 membrane penetration activity have identified and implicated a membrane destabilization peptide located toward the C terminus of L2 and consisting of residues 451 SYYMLRKRRKRLPY 464 , with sequence similarity to the synthetic peptide dhvar5, a cationic membranelytic peptide derived from the antimicrobial polypeptide histatin-5 (10, 21) . It was shown that a synthetic peptide corresponding to this sequence of L2 was cytotoxic, possessing membrane disruption activity, and that mutations or deletions within this C-terminal region abrogated viral infectivity, with the blockage occurring at the stage of endosomal vDNA translocation (10) . While these findings do provide evidence for the involvement of this C-terminal peptide, it becomes difficult to draw firm conclusions regarding endosomal escape because this same region of L2 complexes with vDNA via the positively charged residues (22, 23) and also interacts with the dynein complex to facilitate cytoplasmic transport of the L2/vDNA complex toward the nucleus (24, 25) .
To further explore the nature of L2-mediated translocation of vDNA across the endocytic membrane, we initiated a sequencebased search to identify regions and motifs, including amphipathic helices, hydrophobic peptides, and transmembrane (TM) domains that may directly interact with membranes. Herein we describe a conserved TM-like domain, containing GxxxG motifs, within the L2 minor capsid protein of HPV16 that is essential for translocation of the vDNA across the endosomal membrane. By virtue of their arrangement within an alpha helix, GxxxG motifs and similar "glycine zippers" (GxxxGxxxG) form a glycine patch positioned on one face of the helix, allowing the close righthanded packing of neighboring TM helices in a lipid bilayer (26, 27) . Small residues like alanine and serine can sometimes substitute for glycines in these motifs and still aid in helix packing (28, 29) . GxxxG and related motifs are known to support homo-and heterotypic association of TM helices and are present in a wide variety of single-pass and polytopic membrane proteins, channels, and pores (26, 27, (30) (31) (32) . Using viral mutagenesis and a ToxRbased dimerization assay (33, 34) , we show that while one particular GxxxG motif promotes TM domain self-association, the other conserved GxxxG motifs are also essential for HPV16 infection. These findings imply a potential mode for L2 homo-and heterotypic interactions and suggest that association into higherordered structures may be necessary for translocation of vDNA.
MATERIALS AND METHODS
TM prediction and modeling. The HPV16 L2 primary sequence (GenBank accession number ACL12316) was submitted to web-based amphipathic and transmembrane helix prediction algorithms (35) (36) (37) (38) (39) (40) (41) (42) (43) . For prediction results and references, see Table 1 . L2 amino acids 45 to 67 were modeled as an alpha helix with surface rendering using the MacPyMOL software package. TM sequence alignments were done using the ClustalW tool within the MacVector software package.
Cells and viruses. 293TT, HeLa, and HaCaT cells were maintained as previously described (44) . Cloning of mutant viruses was achieved by site-directed mutagenesis of the L1/L2 expression plasmid pXULL using a QuikChange-XL II system (catalog number 200521; Agilent), and all mutant plasmids were verified by Sanger sequencing. Virions containing a luciferase expression plasmid (pGL3-basic; Clontech) were produced by CaPO 4 transfection of 293TT cells. Purification was achieved by CsCl density gradient centrifugation as previously described (6) . Purified virions were assayed by SDS-PAGE and Coomassie staining and compared against bovine serum albumin (BSA) standards. Genome content was determined by SYBR green quantitative PCR (qPCR) using primers specific for the luciferase gene of pGL3, and capsid/genome ratios were all in the ranges typical for wild-type (wt) HPV16 preps. All other transfections were performed with Turbofect reagent (R0531; Fermentas), according to the manufacturer's recommendations.
Infections. HaCaT cells were seeded in a 24-well plate with 60,000 cells/well and infected with HPV16 at a multiplicity of infection (MOI) of 1,000 to 2,000 genomes/cell for an overnight continuous infection. At 48 h postinfection the cells were lysed in 0.1 ml of 1ϫ reporter lysis buffer (E3971; Promega). Luciferase levels were measured with a DTX-800 multimode plate reader (Beckman Coulter) by firefly luciferase assay according to the manufacturer's recommendations (E4550; Promega).
SDS-PAGE and Western blotting. Samples were diluted into denaturing/reducing SDS-PAGE loading buffer (62.5 mM Tris, pH 6.8, 10% glycerol, 2% SDS, 0.5% bromophenol blue, 5% 2-␤-mercaptoethanol) and incubated for 5 min at 95°C. Samples were run on a 10% Tris-glycine polyacrylamide gel, transferred to polyvinylidene difluoride (PVDF) membrane, and blocked in Tris-buffered saline-Tween (TBST) plus 4% milk, 4% BSA, and 1% goat serum. Mouse anti-hemagglutinin (HA) (G036; Applied Biological Materials), rabbit anti-maltose-binding protein (MBP) (E8030S; New England BioLabs [NEB]), and rabbit anti-L2 antiserum (DK43811; a kind gift from R. Roden) were used at 1:5,000. Goat anti-mouse and goat anti-rabbit horseradish peroxidase (HRP)-conjugated secondary antibodies (ab6789 and ab6721, respectively; Abcam) were used at 1:10,000. Supersignal West Pico chemiluminescent substrate (34080; Pierce) was used.
EdU labeling and detection. HPV virions containing 5-ethynyl-2=-deoxyuridine (EdU)-labeled pGL3-basic DNA were produced by CaPO 4 transfection of 293TT cells supplemented with 15 M EdU (44) . HaCat cells were seeded on glass coverslips and infected with EdU-labeled viruses at 500 ng of L1/ml for 18 h. The cells were then washed once using fresh medium to remove unbound virions, medium was replaced with fresh medium, and cells were cultured for an additional 24 h. At 42 h postinfection, cells were chilled to 4°C, washed three times in cold phosphatebuffered saline (PBS), and fixed in acetone at Ϫ20°C for 5 min. Cells were blocked overnight in PBS-4% BSA and 1% goat serum at 4°C. EdUlabeled vDNA was then conjugated to Alexa Fluor 488-N 3 by CuSO 4 -catalyzed click chemistry (C10337; Invitrogen). Standard immunofluorescence was then performed as described below.
Immunofluorescence. All immunostained samples except those containing EdU-labeled vDNA and those used in the TM functionality assay were fixed with PBS-2% paraformaldehyde for 10 min at room temperature (RT) and then permeabilized with PBS-0.2% Triton X-100 for 5 min at room temperature. Samples were then blocked in PBS-4% BSA and 1% goat serum prior to immunostaining. Cells in the TM functionality assay were treated in the same way, except that they were not permeabilized. The rabbit anti-L1 polyclonal antibody K75 and mouse anti-L1 monoclonal antibody L1-7 (kind gifts of M. Sapp) were used at 1:5,000 and 1:100, respectively. Rabbit anti-PML polyclonal antibody (ab53773; Abcam) was used at 1:300. Mouse anti-HA antibody (G036; Applied Biological Materials) was used at 1:2,000. Alexa Fluor-488, -555, and -633 goat antimouse/rabbit secondary antibodies (A21052; Molecular Probes) were all used at 1:1,000. Coverslips were mounted on slides in Prolong Gold Antifade medium containing 4=,6=-diamidino-2-phenylindole (DAPI) (P36931; Molecular Probes).
Confocal microscopy. Specimens were examined on a Zeiss Axiovert 200 inverted microscope with a 63ϫobjective. Confocal microscopy was performed with a Zeiss LSM 510 META system using a 405-nm laser diode and 488-nm argon laser, 543-nm He/Ne1 laser, and 633-nm He/Ne2 laser excitations. Select single-plane images (depth of 0.25 m) were processed with Adobe Photoshop and Microsoft PowerPoint software.
ToxLuc assay. For the ToxLuc assay, control and experimental TM domains were cloned into the pTL backbone (kind gift of P. Hubert) as annealed oligonucleotides with NheI and BamHI, resulting in the N-terminal flanking sequence ToxR. . .Arg-Ala-Ser and the C-terminal flanking sequence Ile-Leu-Ile-Asn. . .MBP. ToxLuc TM sequences are presented in Fig. 4B . To verify proper membrane insertion, each construct was spotted on an M9 agar plate supplemented with 0.4% maltose and incubated for 2 to 3 days at 37°C. For luciferase measurement, cells were grown to mid-log phase (optical density at 600 nm [OD 600 ] between 0.2 and 0.5), pelleted, and lysed in bacterial lysis buffer (100 mM K 2 HPO 4 pH 8.0, 2 mM EDTA, 1% Triton X-100, 5 mg/ml BSA, 5 mg/ml lysozyme, 0.2% Benzonase) for 30 min at RT with occasional vortexing, followed by a Ϫ80°C freeze-thaw. The lysate was then clarified by centrifugation, and the supernatant was assayed for firefly luciferase. Luciferase activity was normalized using the OD 600 values of the cell cultures measured before lysis. Western blotting with anti-MBP (E8030S; NEB) verified expression of the constructs.
L2 peptides.
Peptides were supplied by Pi Proteomics, LLC. The peptide comprised of L2 residues 45 to 61 (NH 2 -KKKILQYGSMGVFFGGL GIGKKK-acid) and the peptide comprised of L2 residues 45 to 67 (NH 2 -KKKILQYGSMGVFFGGLGIGTGSGTGKKK-acid), designed with three flanking lysine residues on both ends, were synthesized by solid-phase 9-fluorenylmethoxy carbonyl (Fmoc) chemistry and purified to Ͼ90% as determined by analytical high-performance liquid chromatography (HPLC). Peptides were verified by matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) mass spectrometry. Peptide aliquots were dissolved in deionized H 2 O for circular dichroism (CD) experiments.
Circular dichroism spectroscopy. Far-UV CD spectra were recorded from 195 nm to 260 nm using an Olis DSM-20 CD Spectrometer. Samples (300 l) contained 40 M peptide in 10 mM sodium phosphate buffer, pH 7.4, with or without 30 mM SDS. A quartz cuvette with a 1-mm path length was used. Spectra were recorded in three sets of 260 nm to 220 nm, 220 nm to 205 nm, and 205 nm to 195 nm with integration times of 5 s, 30 s, and 60 s, respectively. Each spectrum was recorded three times, and results were averaged. All spectra were then background corrected against average spectra obtained for buffer/detergent alone, zeroed at 260 nm, converted to mean residue ellipticity (), and plotted using the GraphPad Prism software package.
RESULTS
The N terminus of L2 contains a predicted TM domain. To gain further insight into how HPV16 L2 facilitates genome escape from the endosome, we searched for potential membrane-interacting sequences using various algorithms ( Table 1 ). The TM prediction algorithm TMHMM2 (38) gave a fairly high probability for a TM domain near the N terminus of L2, consisting of residues 45 to 67 (Fig. 1A) . Several different TM prediction algorithms also gave positive hits within the same region of L2 (Table 1 ). Compared to typical TM domains, the 23-residue sequence is only moderately hydrophobic and rich in glycine residues (Fig. 1B) . The predicted TM domain lies just downstream of the epitope for the broadly cross-neutralizing antibody RG-1, comprised of residues 17 to 36 (14) , containing the conserved disulfide bond between Cys22 and Cys28 that is involved in endosomal penetration of vDNA (6) (Fig. 1B) . The RG-1 epitope is not exposed until after furin cleavage of L2 at Arg12 prior to cell entry (13) . It is therefore possible that the predicted TM domain is also not exposed until after furin cleavage although this region has been previously described as being surface exposed, and a monoclonal antibody against an overlapping epitope (residues 56 to 75) blocked infection, albeit neutralization required a high concentration of antibody (45, 46) . To gain structural insight into the nature of this region of L2, we synthesized peptides corresponding to residues 45 to 67 and 45 to 61, both of which were predicted to be TM domains by separate prediction algorithms (Table 1) , and performed circular dichroism (CD) spectroscopy in both aqueous and hydrophobic environments. Peptides were flanked with three lysine residues on both termini to aid in solubility. CD spectroscopy indicated that both peptides adopt a random-coil conformation in aqueous buffer but exhibit the 208-nm/222-nm double minima characteristic of alpha-helical structure in the hydrophobic membrane-mimetic environment of SDS micelles (47) , albeit the long peptide at residues 45 to 67 had a less pronounced spectral shift in SDS micelles than the short peptide at residues 45 to 61 ( Fig. 1C and D) . The data are consistent with this region potentially functioning as an alpha-helical TM domain in lipid bilayers.
The predicted TM domain is functional. To determine if the predicted TM can actually function as a TM domain in a cellular system, we cloned a TM reporter plasmid that fuses secreted HAtagged red fluorescent protein (RFP) to a TM domain of interest (Fig. 1E) . In this assay a functional TM domain will tether the fusion protein to the plasma membrane, with the HA tag exposed on the surface of the cell. A nonfunctional TM domain will result in secretion of the fusion protein into the extracellular medium (Fig. 1E) . We cloned the TM domain of platelet-derived growth factor receptor (PDGFR) as a positive control and used a construct lacking a TM domain (delta-TM) as a negative control. Residues 45 to 67 of the L2 TM domain were cloned, as well as a double point mutant (F55H L58D) of the L2 sequence that is predicted to abolish the TM functionality, according to TMHMM2 (Table 2 ). This mutant is here referred to as HD. Surface anti-HA staining of fixed, nonpermeabilized transfected cells showed that the L2 TM domain is functional, tethering the reporter fusion to the cell surface, similar to the PDGFR TM domain although to a lesser extent (Fig. 1F) . The HD mutation destroyed the TM functionality, resulting in no surface HA staining, similar to the delta-TM negative control (Fig. 1D) . Pronounced secretion of the fusion protein into the extracellular medium was observed only in constructs that lacked a functional TM domain, i.e., the delta-TM and HD mutants. The PDGFR TM construct had no detectable secretion while the L2 construct had an intermediate phenotype, with lower levels of secretion than either the HD or delta-TM constructs. Thus, it appears that although the region of residues 45 to 67 of L2 can tether proteins to the cell membrane, it does not function as well as a bona fide TM, like that from PDGFR. Again, the combination of the moderate TMHMM score (Fig.  1A) , the CD data (Fig. 1C) , and the TM reporter assay (Fig. 1F and G) implies that the region of residues 45 to 67 of L2 is an inefficient, although still functional, TM domain. The TM domain is essential for HPV16 infection. To determine if L2 TM functionality is necessary for successful infection, we generated wt and HD mutant luciferase-expressing HPV16 virions. The HD mutation did not affect viral assembly, morphology, overall yield, genome packaging, or L2 encapsidation ( Fig.  2A ; also data not shown). HD mutant virus was completely noninfectious, strongly suggesting that the functional TM domain of L2 is essential for infectivity (Fig. 2B ). The HD mutation had no obvious effect on virion binding, entry, or time-dependent exposure of the buried L1-7 epitope, a marker for uncoating (44, 48) (Fig. 2C) . Next, the viral genome was labeled with the thymidine analog EdU, allowing direct visualization of incoming vDNA in immunofluorescence experiments (44, 45, 49) . Infection with wt HPV16 resulted in strong colocalization of EdU-labeled vDNA and nuclear PML bodies at late times postinfection (Fig. 2D) . Unlike wt HPV16, the HD mutant was completely defective for vDNA localization at PML bodies, despite similar levels of invasion and uncoating as seen by L1-7 staining (Fig. 2C and D) . These data suggest that HD mutant vDNA fails to escape the endo-/ lysosomal compartment, further supporting a role for the TM domain in translocation of the L2/vDNA complex.
The TM domain contains conserved GxxxG motifs that are essential for infection. This TM domain of L2 is highly conserved among both low-and high-risk mucosal alphapapillomaviruses as well as other genera of the family Papillomaviridae (Fig. 3A) . Upon further inspection of the primary sequence, we discovered that it contains three highly conserved GxxxG motifs, a single 52 (Fig. 3B) . To test the importance of these GxxxG motifs in HPV16 infection, we first designed three alanine insertion mutants of L2. The position of the alanine insertions for the A55, A60, and A64 mutants are designated by arrows in Fig. 3A . These mutations were designed to disrupt the GxxxG motifs without compromising TM functionality ( Fig. 3A and Table 2 ). Molecular modeling illustrates that the insertions not only directly disrupt the single GxxxG motif into which the alanine is placed but also rotate all downstream GxxxG motifs out of alignment by 100°relative to the N terminus of the helix (Fig. 3C) . A55 is predicted to be the most deleterious mutation, disturbing all the TM domain GxxxG motifs. A60 preserves the 52 GxxxG 56 motif but disrupts all downstream motifs, and A64 disrupts only the C-terminal 61 GxxxG 65 and 63 GxxxG 67 motifs. The A55 mutant was completely noninfectious, the A60 mutant had drastically reduced infectivity, and the A64 mutant had no reduction in infectivity (Fig. 3D) . The severely reduced infectivity of A55 and A60 combined with the unaltered infectivity of A64 strongly suggests that only the N-terminal 52 GxxxG 56 , 57 GxxxG 61 , and 59 GxxxG 63 motifs are essential for infection. To further verify a role for these N-terminal GxxxG motifs in HPV16 infection, individual glycine-to-valine mutant viruses were generated and tested. Infection experiments revealed the importance of Gly52, Gly56, Gly57, Gly59, and Gly61 (Fig. 3E) , arguing that multiple GxxxG motifs contribute to L2's function during infection. Notably, the G63V mutant was only mildly impaired, supporting our observations with the A64 mutant (Fig.  3C) and suggesting that the two N-terminal 52 GxxxG 56 and 57 GxxxG 61 motifs are important and that only Gly59 of the 59 GxxxG 63 motif is critical. Three inversion mutants, Inv55, Inv57, and Inv59, were also generated whereby select glycine res- idues were switched in position with neighboring amino acids ( Table 2 ). The inversion mutants disrupt GxxxG motifs by altering the primary sequence of the TM domain without affecting the chemical composition or hydrophobicity of the region. Infectivity experiments again reveal an important role for the two N-terminal 52 GxxxG 56 and 57 GxxxG 61 motifs as well as Gly59 in HPV16 infection (Fig. 3F) . Similar to the HD mutant, the A55 and G57V mutant viruses were normal in respect to entry and uncoating, as seen by L1-7 staining, but defective in PML localization of EdU-labeled vDNA, suggesting a role for these GxxxG motifs in endosomal translocation of vDNA (Fig. 3G) .
The L2 TM domain can self-associate in a biological membrane. The functional importance of the N-terminal GxxxG motifs in HPV16 infection prompted us to determine if these motifs are involved in homodimerization or oligomerization of the TM domain using a modified version of the ToxCAT assay called ToxLuc (33, 34) . This assay works by expressing a TM domain of interest as a ToxR-TM-MBP (maltose binding protein; MalE) fusion in strain NT326, a malE mutant strain of E. coli. Proper membrane insertion of the fusion is readily determined by malE complementation of NT326 and restoration of growth on M9 medium containing maltose as the sole carbon source, as this requires the MBP moiety to be positioned toward the periplasmic space. ToxR is a dimerization-dependent transcriptional activator, and TMdriven self-association of the ToxR-TM-MBP fusion results in the activation of luciferase expression from the ToxR-dependent ctx promoter. Growth on M9 medium-maltose is therefore an indicator of TM functionality while luciferase activity is a gauge of TM dependent self-association within a cellular membrane (Fig. 4A) . Notably, this assay gives a relative propensity for TM self-association but cannot distinguish between dimerization and higherorder oligomerization or multimerization of the TM domain (52) . All TM domain sequences assayed with the ToxLuc system are shown in Fig. 4B .
The TM domains from glycophorin A (GpA) and NRP1 are known to homodimerize through GxxxG motifs (33, 34) and were used as positive controls for the ToxLuc assay, resulting in strong activation of luciferase activity (Fig. 4C) . A previously characterized GxxxG mutant of GpA, G83I (53), served as a negative control for self-association and resulted in about 10-fold less luciferase activity than the wt GpA TM construct (Fig. 4C) . A 17-residue polyalanine stretch (Ala17) was used as a baseline TM control for nonspecific ToxR-dependent luciferase activation due to molecular crowding and transient interactions of the ToxR-TM-MBP fusion when expressed in the limited space of the bacterial membrane (54) . The Ala17 construct, like G83I, yielded baseline levels of luciferase, typically 10-fold less than those of GpA and NRP1 (Fig. 4B ). An empty control containing a stop codon after the ToxR domain (Fig. 4B ) resulted in essentially no luciferase activity, demonstrating that there is an inherent baseline activity (as seen in Ala17 and G83I) dependent on expression of a membranetethered ToxR domain. Relative ToxR-TM-MBP expression levels were gauged by anti-MBP Western blotting of cell lysates (Fig.  4C) , and luciferase levels were normalized to cell density. All control TM constructs with the exception of the empty control had functional TM domains and could grow on M9 medium-maltose (Fig. 4C) .
The full-length predicted TM domain from L2 (residues 45 to 67) was cloned into the ToxLuc construct but was not tolerated as a TM domain and could not support growth of NT326 on M9 medium-maltose despite numerous attempts and adjustments of length and linker sequence. The truncated form of the TM domain (residues 45 to 61) was readily tolerated, and we therefore used this shortened version for all ToxLuc experiments. Importantly, the TM domain consisting of residues 45 to 61 was actually predicted by some of the TM algorithms (Table 1 ) and contains the important N-terminal GxxxG motifs identified in the alanine insertion and glycine substitution experiments. The TM domain consisting of residues 45 to 61 yielded intermediate levels of luciferase activation, which were 2-fold lower than the level of the GpA control but well above that of the Ala17 baseline control (Fig. 4C) . These levels are on par with previously characterized dimeric and multimeric self-associating TM domains from a variety of membrane proteins (50, 55, 56) . The HD mutant version of the TM domain consisting of residues 45 to 61 gave luciferase levels comparable to the level of the empty control and failed to support growth of NT326 on M9 medium-maltose, again demonstrating that the HD mutation is a complete knockout of TM functionality (Fig. 4C) .
A specific GxxxG motif in L2 facilitates TM self-association. Glycine-to-valine point mutants were constructed for all single and combined GxxxG motif glycines to determine the motif(s) responsible for TM self-association. Only the G57V and G61V single mutants yielded baseline luciferase activation, strongly suggesting that the 57 GxxxG 61 motif mediates self-association of the TM domain (Fig. 4D) . The GV-total mutant (GVtot), where all the GxxxG motif glycines were mutated to valine, also resulted in baseline activation (Fig. 4D) . Additional ToxLuc experiments on the A55 and A60 alanine insertion mutants confirm that the 57 GxxxG 61 motif is the only one necessary for TM self-association as only the A60 mutation, which directly disrupts the 57 GxxxG 61 motif, decreased luciferase activation under baseline levels (Fig.  4E ). The A55 mutation, which caused a 45% decrease in luciferase activation, does not directly disrupt the 57 GxxxG 61 motif but throws it off register from the N terminus of the TM domain by 100°and also disrupts a conserved 54 FxxG 57 xxxG 61 motif that normally occurs in the TM domain (Fig. 3A) , the phenylalanine of which has been shown to aid in GxxxG-driven TM dimerization (57) . ToxLuc experiments with the inversion mutants again suggest that only the 57 GxxxG 61 motif is essential for TM self-association as Inv57 was the only mutant to abrogate luciferase activation (Fig. 4F) .
DISCUSSION
Delivery of genetic material into the host cell is essential for viral infection, and the cellular membrane represents a major barrier which the nonenveloped viruses have evolved multiple ways to breach during infection (1, 58) . Papillomaviruses depend on the minor capsid protein L2, present at low abundance, to accomplish this task. Here, we describe a conserved TM domain located toward the N terminus of L2 and show that this region is essential for endosomal penetration of the viral genome. Through extensive mutagenesis, we reveal that multiple GxxxG motifs within this TM domain are required for viral infectivity and that the 57 GxxxG 61 motif can facilitate self-association of this region within biological membranes. These data suggest a potential mechanism whereby multiple L2 molecules may participate in homo-and heterotypic interactions via their TM domain GxxxG motifs to form higherorder assemblies necessary for membrane translocation of vDNA. Previous studies by Kämper and colleagues have revealed a membrane-destabilizing peptide at the C-terminal end of L2 that also appears to be necessary for endosomal penetration of vDNA (10) . We present our findings not to refute these previous conclusions but, rather, to offer an alternative or complementary model for the mechanism of L2-mediated vDNA translocation. Our conclusions and those of Kämper and colleagues are not mutually exclusive as cooperation between both regions of L2 may be required for vDNA penetration, and additional studies in our laboratory will further explore this possibility. Several features of our TM-based model are conceptually attractive. First, there is already existing evidence for involvement of this region of L2 in vDNA penetration as a monoclonal antibody against residues 56 to 75, encompassing part of the TM domain, exhibits postentry neutralization activity by blocking this late stage of infection (45, 46) . Second, the TM domain is in close proximity to the other N-terminal elements of L2 that are involved in vDNA translocation (Fig. 1B) , notably the furin cleavage site at Arg12 (16) and the disulfide bond between Cys22 and Cys28 (6) . Perturbation of either of these elements through genetic mutation or biochemical inhibition results in a failure of vDNA penetration. Following along thematic mechanisms commonly observed with nonenveloped viruses, furin cleavage and disulfide reduction may act as conformational switches, engagement of which could lead to exposure of the hydrophobic TM domain for interaction with endosomal membranes. In support of this notion, our group has recently found evidence that cellular protein disulfide isomerases may be supporting a reductase activity, necessary for vDNA translocation (44) . The L2 disulfide bond seems like an obvious target for such a reductase activity, and efforts in this direction are ongoing in our laboratory.
A third attractive aspect of the TM domain concept is the existence of endocytic sorting motifs in L2. Recently, it has been shown that an interaction between a conserved 254 NPxY 257 motif in L2 and cellular sorting nexin 17 (SNX17) modulates residence and transport kinetics of HPV16 in the endo-/lysosomal compartment and is important for efficient vDNA penetration (49).
SNX17 is a soluble factor that associates with the cytoplasmic face of phosphatidylinositol-3-phosphate-containing membranes, including early and recycling endosomes, regulating the trafficking and sorting of various transmembrane cargos via their cytoplasmic NPxY motifs (59, 60) . The presence of a functional TM domain provides a means by which L2 could physically span the endosomal membrane, interacting with cytoplasmic endosomeassociated SNX17 to modulate HPV16 trafficking.
Lastly, the intramembrane protease complex, ␥-secretase, has been shown to be absolutely critical for HPV infection (61) . Biochemical inhibition of ␥-secretase potently blocks HPV16 infection, again by preventing the endosomal translocation of vDNA. ␥-Secretase cleaves transmembrane domain substrates, making the L2 TM domain an obvious candidate substrate for ␥-secretase processing. Interestingly, over 25% of the known ␥-secretase TM substrates contain GxxxG motifs (62) , suggesting that these same motifs in L2 may participate in recruitment, recognition, or processing by ␥-secretase. Notably, GxxxG motifs have been implicated in the homodimerization of the amyloid precursor protein (APP) and regulation of APP cleavage by ␥-secretase (63, 64) , and the APP TM domain contains GxxxG motifs in a pattern similar to that of L2 (Table 3) . Recent structural work on APP shows that it can exist as a kinked helix, with the bend occurring at Gly708 and Gly709, and the bent nature of this helix may contribute toward its binding by ␥-secretase (65). Intriguingly, a TM kink algorithm (39) predicts a high propensity for helical kinks in the L2 TM domain between Gly52 and Thr62, with the highest probabilities at Phe55, Gly56, and Gly57 (Table 1) .
Our data suggesting an internal TM domain within L2 imply that this region must somehow interact with and integrate into the endosomal membrane to mediate vDNA translocation. How would such a TM domain spontaneously insert into the endosomal membrane? Interestingly, the TM sequence has remarkable similarities to the fusion peptides (FPs) of class I and class II fusion proteins from a variety of enveloped virus families, including the orthomyxoviruses, paramyxoviruses, retroviruses, and flaviviruses (Table 3) . Although quite hydrophobic, these FPs are masked by other parts of the fusion protein until activation in response to stimuli (low pH, proteolysis, or receptor binding), whereby the FP inserts into target cellular membranes to mediate fusion (66) . High glycine and/or alanine content is a hallmark of these FPs, and the conformational flexibility and backbone dynamics imparted by this Gly/Ala content are likely vital to membrane insertion and fusogenicity of the FPs (66, 67) . Accordingly, structural studies on these viral fusion peptides reveal that while they can adopt kinked alpha-helical conformations in detergent and micelle environments (66) (67) (68) (69) , these membrane-embedded bent helices may straighten out to span the membrane bilayer as a a All Gly/Ala residues are bolded, and those involved in potential (G/A)xxx(G/A) motifs are also underlined.
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January 2013 Volume 87 Number 1 jvi.asm.org 471 continuous helix, self-associating into higher-order helical bundle structures, reminiscent of pores (70) . It is conceivable that the L2 TM domain could act in an analogous manner, with L2 monomers initially plunging their TM domains into the membrane as kinked hairpins, followed by a coordinated extension and association into higher-ordered porelike structures via the conserved GxxxG motifs. It is possible that the inefficient nature of the L2 TM domain is important for infection as L2 may need to only transiently insert into the membrane to facilitate endosomal escape but then be able to untether itself from the membrane in order to traffic with the viral genome toward the nucleus. Much will be gained from future studies on the L2 TM domain and mechanisms of membrane insertion, selfassociation, interaction with cellular proteins, and translocation of vDNA. The identification of the TM domain and GxxxG motifs presented herein represents a significant conceptual advancement toward this end.
